Chronic Chagas disease cardiomyopathy, caused by Trypanosoma cruzi infection, is a major cause of heart failure in Latin America. Galectin-3 (Gal-3) has been linked to cardiac remodeling and poor prognosis in heart failure of different etiologies. Herein, we investigated the involvement of Gal-3 in the disease pathogenesis and its role as a target for disease intervention. Gal-3 expression in mouse hearts was evaluated during T. cruzi infection by confocal microscopy and flow cytometry analysis, showing a high expression in macrophages, T cells, and fibroblasts. In vitro studies using Gal-3 knockdown in cardiac fibroblasts demonstrated that Gal-3 regulates cell survival, proliferation, and type I collagen synthesis. In vivo blockade of Gal-3 with N-acetyl-D-lactosamine in T. cruzieinfected mice led to a significant reduction of cardiac fibrosis and inflammation in the heart. Moreover, a modulation in the expression of proinflammatory genes in the heart was observed. Finally, histological analysis in human heart samples obtained from subjects with Chagas disease who underwent heart transplantation showed the expression of Gal-3 in areas of inflammation, similar to the mouse model. Our results indicate that Gal-3 plays a role in the pathogenesis of experimental chronic Chagas disease, favoring inflammation and fibrogenesis. Moreover, by demonstrating Gal-3 expression in human hearts, our finding reinforces that this protein could be a novel target for drug development for Chagas cardiomyopathy. Chronic Chagas disease cardiomyopathy (CCC), caused by Trypanosoma cruzi infection, is an important cause of morbidity and mortality in endemic countries. It is estimated that approximately 7 million people are infected worldwide, with high prevalence in Latin America and growing incidence in developed countries because of globalization. 1, 2 It is estimated that the cardiac form of the disease occurs in approximately 20% to 30% of infected subjects. 2 Antiparasitic drugs are effective during acute infection, but fail to improve established CCC. 3, 4 Besides standard heart failure treatment, patients with advanced CCC rely on heart transplantation, which is limited because of organ availability and complications relative to parasite reactivation after immunosuppression therapy. 5 During CCC, cardiomyocytes are lost as a result of damage caused by immune responses directed to the parasites that persist in the heart, as well as to autoreactive cells directed to heart antigens. 6, 7 Although the mechanisms of pathogenesis are not completely understood, several studies indicate the involvement of type 1 helper T-cell lymphocytes associated with high production of interferon-g (IFN-g), resembling a delayed hypersensitivity reaction. 6 An association between progression to severe chronic forms and a high production of IFN-g was observed in patients with Chagas disease. 8 Macrophages, a major cell population found in the inflammatory sites, can be activated by IFN-g and tumor necrosis factor-a, two inflammatory cytokines overexpressed in the hearts of mice chronically infected with T. cruzi. Furthermore, several genes related to the inflammatory response are up-regulated in heart tissue during the chronic phase of T. cruzi infection. 9 Previous studies suggested that activated macrophages secrete galectin-3 (Gal-3), a molecule involved in the pathogenesis of cardiac dysfunction. 10 Gal-3 is a soluble b-galactoside binding lectin involved in a variety of cellular processes, including proliferation, migration, and apoptosis. 11 The importance of this protein in the regulation of cardiac fibrosis and remodeling has been highlighted by the demonstration of its contribution to the development and progression of heart failure in different experimental settings.
12e14 Serum Gal-3 concentrations are also increased in patients with acute decompensated heart failure. On the basis of these findings, the value of Gal-3 as a prognostic biomarker in patients with chronic heart failure has been investigated. 15 Previously, we performed transcriptomic analysis in the cardiac tissue of mice chronically infected with T. cruzi, and found that Lgals3, the gene encoding for Gal-3, is among the most overexpressed genes. 16 By immunofluorescence analysis, we showed that Gal-3 is mainly expressed in inflammatory cells in the hearts of T. cruzieinfected mice. We hypothesized that Gal-3 plays a role in the pathogenesis of CCC, contributing to the progression of inflammation and fibrosis. In the present study, we evaluated the expression of Gal-3 during T. cruzi infection in mice. Gal-3 expression was also investigated in human heart samples, to validate the expression of this protein in the human disease setting. Finally, we conducted in vitro and in vivo studies involving genetic and pharmacological blockades of Gal-3 to investigate its potential role in disease pathogenesis and its usefulness as a target for therapeutic development.
Materials and Methods

Animal Procedures
Six-to eight-week-old female C57BL/6 mice were used for T. cruzi infection and as normal controls. Galectin-3 C57BL/6 mice were used in cell adhesion experiments. All animals were raised and maintained at the animal facility of the Center for Biotechnology and Cell Therapy, Hospital São Rafael, in rooms with controlled temperature (22 C AE 2 C) and humidity (55% AE 10%), and continuous air flow. Animals were housed in a 12-hour light/12-hour dark cycle (6AM to 6PM) and provided with standard rodent diet and water ad libitum. Animals were handled according to the NIH guidelines for animal experimentation. 17 All procedures described had prior approval from the local institutional animal ethics committee at Hospital São Rafael (01/13).
Trypanosoma cruzi Infection
Trypomastigotes of the myotropic Colombian T. cruzi strain were obtained from culture supernatants of infected LLC-MK2 cells, as previously described. 9 Infection of C57BL/6 mice was performed by i.p. injection of 1000 T. cruzi trypomastigotes in saline, and was confirmed through evaluation of parasitemia at different time points after infection.
Pharmacological Blockade of Gal-3 with N-Lac
C57Bl/6 female mice (n Z 11) chronically infected with T. cruzi [6 months postinfection (m.p.i.)] were treated with N-acetyl-D-lactosamine (N-Lac) (Sigma-Aldrich, St. Louis, MO), 5 mg/kg per day, i.p. injections 3Â per week, for 60 days. Chronically infected mice injected with saline (n Z 10) and same age naïve mice (n Z 8) served as controls. Functional analyses were performed, as described below. Mice were euthanized, by cervical dislocation under anesthesia with 5% ketamine (König, São Paulo, Brazil) and 2% xylazine (König Lab), the week after the final N-Lac injection. Heart samples were collected for real-time quantitative PCR and histological analysis. In another experiment, sucrose (Sigma-Aldrich) was administered in the same regimen as N-Lac to C57BL/6 mice, after 6 months of infection with T. cruzi. Heart samples were collected for histological analysis.
Functional Analysis
Electrocardiography was performed using the Bio Amp PowerLab System (PowerLab 2/20; ADInstruments, Sydney, Australia), recording the bipolar lead I. All animals were anesthetized by i.p. injection of 10 mg/kg xylazine and 100 mg/kg ketamine to obtain the records. All data were acquired for computer analysis using Chart 5 for Windows (ADInstruments). The electrocardiographic analysis included heart rate, PR interval, P wave duration, QT interval, QTc, and arrhythmias. The QTc was calculated as the ratio of QT interval by square roots of RR interval.
A motor-driven treadmill chamber for one animal (LE 8700; Panlab, Barcelona, Spain) was used to exercise the animals. The speed of the treadmill and the intensity of the shock (mA) were controlled by a potentiometer (LE 8700 treadmill control; Panlab). After an adaptation period in the treadmill chamber, the mice exercised at five different velocities (7.2, 14.4, 21.6, 28.8, and 36.0 m/minute), with increasing velocity after 5 minutes of exercise at a given speed. Velocity was increased until the animal could no longer sustain a given speed and remained >5 seconds on an electrified stainless-steel grid. Total running distance was recorded.
Morphometric Analysis
Two months after the therapy, mice were euthanized as mentioned before and hearts were collected and fixed in 10% buffered formalin. Heart sections were analyzed by
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The American Journal of Pathology -ajp.amjpathol.orglight microscopy after paraffin embedding, followed by standard hematoxylin and eosin staining. Inflammatory cells infiltrating heart tissue were counted using a digital morphometric evaluation system. Images were digitized using the slide scanner ScanScope (Leica, Wetzlar, Germany). Morphometric analyses were performed using Image Pro Plus software version 7.0 (Media Cybernetics, Rockville, MD). The inflammatory cells were counted in 10 fields (Â400 magnification) per heart sample. The percentage of fibrosis was determined using Sirius redestained heart sections and the Image Pro Plus version 7.0. Two blinded investigators performed the analyses (J.F.V. and C.M.A.).
Immunofluorescence Analysis
Frozen (10 mm thick) or formalin-fixed, paraffin-embedded (3 mm thick) heart sections were obtained. Paraffin-embedded tissues were deparaffinized and submitted to a heat-induced antigen retrieval step by incubation in citrate buffer (pH Z 6.0). Then, sections were incubated overnight at 4 C with the following primary antibodies: antieGal-3, diluted 1:400 (Santa Cruz Biotechnology, Dallas, TX) and antiCD11b, diluted 1:400 (BD Biosciences, San Jose, CA). Next, the sections were incubated for 1 hour with secondary antibodies anti-goat IgG Alexa Fluor 488-conjugated and anti-rat IgG Alexa Fluor 594-conjugated (1:400; ThermoFisher Scientific, Waltham, MA). Immunostaining for in vitro experiments was performed in cardiac fibroblasts or bone marrowederived macrophages plated on coverslips. The cells were fixed with paraformaldehyde 4% and incubated with the primary antibodies: goat antieGal-3, diluted 1:400 (Santa Cruz Biotechnology), or rabbit anti-collagen type I, diluted 1:50 (Novotec, Lyon, France). On the following day, sections were incubated for 1 hour with phalloidin conjugated with Alexa Fluor 633 or 488 conjugated, diluted 1:50, mixed with the secondary antibodies anti-goat IgG Alexa Fluor 488-conjugated (1:400) or anti-rabbit IgG Alexa Fluor 568-conjugated (1:200; all from ThermoFisher Scientific), respectively. Nuclei were stained with DAPI (VectaShield mounting medium with DAPI H-1200; Vector Laboratories, Burlingame, CA). The presence of fluorescent cells was determined by observation on a FluoView 1000 confocal microscope (Olympus, Tokyo, Japan) and A1þ confocal microscope (Nikon, Tokyo, Japan). Quantifications of Gal-3 þ cells were performed in 10 random fields captured under Â400 magnification, using the Image Pro Plus software version 7.0.
Flow Cytometry Analysis
Control and T. cruzieinfected mice were euthanized, hearts were collected, perfused with phosphate-buffered saline (PBS) to remove blood cells, and processed by enzymatic digestion using 0.1% collagenase IV (Sigma-Aldrich) and 10 mg/mL DNase (Roche, Basel, Switzerland), for 40 minutes, at 37 C. To evaluate the subpopulations of digested cardiac tissue samples, cell suspensions were allowed to pass through a 70-mm cell strainer (BD Biosciences) and counted. Aliquots of 10 6 cells were used for each test tube and 1 mL of Fc blocking reagent (BD Biosciences) was added. The fluorochromeconjugated antibody panels used for each subpopulation were: i) T lymphocytes: CD45-APC-Cy7, CD3-APC, CD4-PE-Cy5, CD8-PE (BD Biosciences); ii) macrophages: CD45-APC-Cy7, CD11b-APC (eBiociences, San Diego, CA); iii) fibroblast/fibrocyte: CD45-APC-Cy7, vimentin-APC (Cell Signaling, Danvers, MA). Each antibody was diluted as suggested on the product data sheet. Samples were incubated for 20 minutes at room temperature in the dark. For intracellular staining of Gal-3, samples were washed once in PBS and CytoFix/CytoPerm kit (BD Biosciences) were used as directed on data sheet protocol. AntieGal-3ePE (R&D Systems, Minneapolis, MN) antibody was added to macrophages and fibroblast/fibrocyte sample tubes, whereas nonconjugated antieGal-3 (Santa Cruz Biotechnology) was added on T lymphocyte sample tube and its detection was performed by addition of anti-mouse IgG-Alexa Fluor 488 (ThermoFisher Scientific). Each incubation step was performed during 30 minutes at room temperature in the dark. Samples were washed twice and resuspended in PBS and added with Hoecsht 33258 to exclude cell debris from analysis. Apoptosis was evaluated by annexin V-PI assay. Cells were harvested from culture flasks by adding TrypLE solution (ThermoFisher Scientific) and incubating for 5 minutes at 37 C. Cell suspensions were collected and washed with PBS by centrifugation at 300 Â g. After discarding supernatant, pellets were resuspended in binding buffer (ThermoFisher Scientific) and cells were counted. Apoptosis assays were performed using annexin-V-APC and PI (BD Biosciences) according to the manufacturer's recommendations. Sample acquisition was performed using a BD LSRFortessa SORP cytometer (BD Biosciences) using BD FacsDiva software version 6.2 (BD Biosciences). Ten thousand events were acquired per sample, and the data were analyzed using FlowJo software version 7.5 (FlowJo Enterprise, Ashland, OR).
Real-Time RT-PCR
Total RNA was isolated from heart samples with TRIzol reagent (ThermoFisher Scientific) and the concentration was determined by spectrophotometry. High Capacity cDNA Reverse Transcription Kit (ThermoFisher Scientific) was used to synthesize cDNA of 1 mg RNA following manufacturer's recommendations. Real-time RT-PCR assays were performed to detect the expression levels of (reverse). The real-time RT-PCR amplification mixtures contained a 20 hg template cDNA, TaqMan Master Mix (10 mL) and probes, constituting a final volume of 20 mL (all from ThermoFisher Scientific). All reactions were run in duplicate on an ABI7500 Sequence Detection System (ThermoFisher Scientific) under standard thermal cycling conditions. The mean Ct values from duplicate measurements were used to calculate expression of the target gene, while normalized to an internal control (Gapdh) using the 2eDCt formula. Experiments with CVs >5% were excluded. A nontemplate control and nonreverse transcription controls were also included.
Design of shRNAs and Production of Lentiviral Vectors
To stably knock down Lgals3 expression, we designed shRNA against different regions of the Lgals3 coding sequence, and a scramble shRNA as control. Target sequences were designed using the online tool siRNA Wizard software version 3.1 (Invivogen, San Diego, CA). All suggested sequences were blasted against the mouse RNA reference sequence database, and the three with the lowest degree of homology to other sequences were selected:
0 -CATGCTGATCACAATCATGG-3 0 ; and one Lgals3_scrbl_shRNA 5 0 -AGGTATGAGTCGA-GATTGAGA-3 0 . Sense and antisense single strands, containing the target sequence, a loop sequence (TCAAGAG), and restriction enzyme sites for Mlu at the sense sequence and ClaI at the antisense sequence, were synthesized separately. The annealing of both strands to form double-stranded shRNAs was performed by incubating 2.5 mmol/L from the sense and antisense strand of each shRNA in 10 mmol/L TrisHCl (pH 7.5), 0.1 mol/L NaCl, and 1 mmol/L EDTA at 95 C for 5 minutes and then allowing the reaction to cool down to room temperature for at least 2 hours. The double-stranded shRNAs were then phosphorylated using T4 PNK (New England Biolabs, Ipswich, MA) following manufacturer protocol. The shRNAs were cloned into the pLVTHM lentiviral vector (Addgene plasmid 12247), specifically designed for gene knockdown with shRNAs, 18 after the vector was linearized by digestion with MluI and ClaI (New England Biolabs) according to the manufacturer instructions. Each of the produced shRNA constructs were confirmed by sequencing using ABI 3500 platform (ThermoFisher Scientific).
For lentiviral vector production, HEK293 FT cells were cotransfected with each of the shRNA constructs, plus psPAX2 (Addgene plasmid 12260) and pMD2.G (Addgene plasmid 12247) for production of the lentivirus particles, in a proportion of 3:2:1. Viral supernatants were harvested 48 and 72 hours later, pooled, centrifuged to remove cell debris, filtered through 0.45-mm filters (Millipore, Billerica, MA), and concentrated by ultracentrifugation. Cardiac fibroblasts were transduced with the lentivirus by overnight incubation in medium containing lentiviral particles and 6 mg/mL polybrene. Knockdown efficiency for each shRNA was evaluated by real-time quantitative PCR using TaqMan probes for Lgals3 (mm00802901_m1), Gapdh (mm99999915_g1), Actb (mm00607939_s1), and Hprt (mm00496968_m1) and TaqMan Universal PCR master mix (ThermoFisher Scientific), according to the manufacturer's instructions. Assay was performed in triplicate, and the empty vector was used as control. Ct for Lgals3 was normalized taking into account the geometric mean of the Ct for Gapdh, Actb, and Hprt (DCt). The relative expression was then calculated by the normalized Ct between each Lgals3 shRNA construct and the empty vector (DDCt).
In Vitro Studies with Cardiac Fibroblasts and Bone MarroweDerived Macrophages
Cardiac fibroblasts were isolated from hearts of adult C57BL/6 mice, euthanized as described above. Hearts were minced into pieces of 1 mm and incubated with 0.1% collagenase type A (Sigma-Aldrich) at 37 C for 30 minutes, under constant stirring. The cell suspension was passed through a 70-mm cell strainer (BD Biosciences), and plasticadherent cells were selected by 1 hour incubation in gelatincoated flasks (Sigma-Aldrich). Nonadherent cells from supernatant were removed and adherent cells were cultured with Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and 1% penicillin and streptomycin (all from ThermoFisher Scientific), in a humidified incubator at 37 C with 5% CO 2 . Culture medium was changed every 3 days, and cells were trypsinized (trypsin-EDTA 0.05%; ThermoFisher Scientific) when 80% confluence was reached. Cell cycle studies were performed with CFSE Cell Proliferation Kit (ThermoFisher Scientific), according to the manufacturer's instructions. Proliferation of cardiac fibroblasts was assessed by the measurement of 3 H-thymidine uptake. Cells were plated in 96-well plates, at a density of 10 4 cells/well, in a final volume of 200 mL, in triplicate, and cultured in the absence or presence of 30 mg/mL rmGal-3 (R&D Systems), with or without 1% modified citrus pectin (ecoNugenics, Santa Rosa, CA). After 24 hours, plates were pulsed with 1 mCi of methyl-3 H thymidine (PerkinElmer, Waltham, MA) for 18 hours, and proliferation was assessed by measurement of 3 H-thymidine uptake by using a Chameleon b-plate counter (Hydex, Turku, Finland). Proliferation capacity of Gal-3 knockdown and control cell lines was compared by 3 H-thymidine incorporation, using the same procedures.
To obtain macrophages, bone marrow cells were harvested from femurs of C57BL/6 mice by flushing with cold RPMI 1640 medium. Bone marrow cells were induced to differentiate into macrophages by culture in RPMI 1640 supplemented with 10% fetal bovine serum (ThermoFisher Scientific), 50 U/mL of penicillin, 50 mg/mL of streptomycin, 2.0 g/L of sodium bicarbonate, 25 mmol/L HEPES, 2 mmol/L
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The American Journal of Pathology -ajp.amjpathol.orgglutamine, and 30% supernatant obtained from X63-GM-CSF 19 cell line culture, at 37 C and 5% CO 2 . Cells were cultured for 7 days, with half medium changes every 3 days. Differentiated macrophages were plated onto 24-well plates and incubated in medium alone or with 1 mg/mL lipopolysaccharide (Sigma-Aldrich) with or without 50 ng/mL IFN-g (R&D Systems). After 24 hours, macrophages were detached using a cell scraper and analyzed for Gal-3 expression by flow cytometry, as described above.
Human Samples
The procedures involving human samples received prior approval by the local Ethics committee at Hospital São Rafael (approval number 51025115.3.0000.0048). Samples were obtained at Messejana Hospital in Fortaleza, Ceará, a medical center specialized for heart transplantation in Brazil. Fragments of explanted hearts from three patients with Chagas disease, confirmed by serological assay, were obtained from left ventricle and septum. Samples were processed in paraffin and stained with hematoxylin and eosin and Sirius Red, or used for immunostaining for detection of Gal-3, as described above.
Lymphoproliferation Assay
Splenocyte suspensions, obtained from C57Bl/6 mice, were prepared in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and 50 mg/mL of gentamicin. Splenocytes were cultured in 96-well plates at 1 Â 10 6 cells/well, in triplicate, and lymphocyte proliferation was stimulated or not with concanavalin A (2 mg/mL; Sigma-Aldrich) or Dynabeads mouse T-activator CD3/ CD28 (ThermoFisher Scientific), according to the manufacturer's instructions. Cell proliferation was induced in the absence or presence of various concentrations of N-Lac (10, 1, and 0.1 mmol/L). After 48 hours of incubation, 1 mCi of 3 H-thymidine was added to each well, and the plate was incubated for 18 hours. Plates were frozen at À70 C, then thawed and transferred to UniFilter-96 GF/B PEI coated plates (PerkinElmer) with the assistance of a cell harvester. After drying, 50 mL of scintillation cocktail was added in each well, sealed and plate read at liquid scintillation microplate counter. Dexamethasone (Sigma-Aldrich; 10 mmol/L) was used as positive control. Three independent experiments were performed.
En Face Leukocyte Adhesion Assay
The aorta from the thoracic region and spleens were removed from wild-type and galectin-3 knockout C57BL/6 mice. Fragments of approximately 1 mm 2 were placed with the intimal side up in 96-well plates previously coated with Matrigel (Corning Inc., Corning, NY) for 30 minutes at 37 C. Endothelium was activated by incubation with 500 ng/mL lipopolysaccharide (Sigma), whereas the splenocyte suspension with 2 mg/mL concanavalin A (Sigma) The cardiac expression of Gal-3 peaked at 1 m.p.i., but remained elevated during the chronic phase of infection, when compared to naïve mice. E: A similar pattern is observed for the number of inflammatory cells infiltrating the heart. F: However, the percentage of fibrosis increased with time. G: Most cells expressing Gal-3 (green) coexpressed the monocyte/macrophage marker CD11b (red). H: Cardiac fibroblasts isolated by enzymatic digestion of heart tissue also express Gal-3 (green). Actin-F is seen in red, and nucleus in blue. I: Bone marrowe derived macrophages stimulated in vitro with proinflammatory (M1) inductors interferon-g (IFN-g) and lipopolysaccharide (LPS) increase the expression of Gal-3. Data are expressed as means AE SEM. *P < 0.05, **P < 0.01, and ***P < 0.001. Scale bars Z 50 mm. dpi, days postinfection.
and 500 ng/mL lipopolysaccharide, during a period of 6 hours. Activated splenocytes were incubated with 1 mmol/L Celltracker Fluorescent Probes (Life Technologies) in serum-free RPMI 1640 medium (Gibco) for 30 minutes and washed three times, before adhesion to the endothelium. Splenocytes (5 Â 10 5 /well) were plated and incubated with the aortic endothelium fragments for 30 minutes at 37 C in the presence or absence of 10 mmol/L N-Lac (SigmaAldrich). Plates were then carefully washed three times with warm Hanks' balanced salt solution to remove the nonadherent cells. Three replicates were used for each treatment. Different random areas per well were acquired using a digital camera from an inverted fluorescence microscope. Fluorescent cells were quantified using ImagePro.
Inhibition of Cell Migration Assay
C57BL/6 mice, 8 to 12 weeks old, were submitted to euthanasia by cervical dislocation under anesthesia. Spleens were collected, minced, cells were resuspended in PBS and passed through a 70-mm cell strainer. The cells were resuspended and maintained in RPMI 1640 medium (ThermoFisher Scientific), without serum, supplemented with 2 mmol/L L-glutamine (ThermoFisher Scientific), 0.1% RMPI 1640 vitamin solution (Sigma Aldrich), 1 mmol/L sodium pyruvate, 10 mmol/L HEPES, 50 mmol/L 2-mercaptoetanol, and penicillin/streptomycin solution (all from ThermoFisher Scientific). Splenocytes were incubated in starvation during 24 hours at 37 C and 5% CO 2 , in the presence or absence of 10 mmol/L N-Lac. Migration assay was performed using the QCM Chemotaxis Cell Migration Assay, 24-well 3-mm pore (Millipore), according to the manufacturer's instructions. Briefly, splenocytes were counted and 10 7 cells in 250 mL were placed in the upper chamber, in serum-free medium, in the presence or absence of N-Lac. RPMI 1640 medium supplemented with 10% fetal bovine serum (ThermoFisher Scientific) with or without 10 mmol/L N-Lac was placed in the bottom chamber. Cells present in the bottom chamber were counted after overnight incubation. 
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Statistical Analysis
All continuous variables are presented as means AE SEM. Continuous variables were tested for normal distribution using Kolmogorov-Smirnov test. Parametric data were analyzed using unpaired t tests, for comparisons between two groups, and one-way analysis of variance, followed by Bonferroni post hoc test for multiple-comparison test, using Prism 6.0 (GraphPad, La Jolla, CA). P < 0.05 was considered statistically significant.
Results
Gal-3 Expression Is Increased during Experimental T. cruzi Infection
We first analyzed the expression of Gal-3 in mouse heart sections obtained at different time points of infection. Trypanosoma cruzi infection led to increased expression of Gal-3 þ cells in the myocardium compared to naïve controls, as shown by confocal microscopy (Figure 1, AeC) . Quantification of Gal-3 expression showed a significant increase in all time points analyzed, in comparison with uninfected controls ( Figure 1D ). The number of Gal-3 þ cells was higher at the peak of parasitemia (1 m.p.i.), when an intense acute inflammatory response is found in the heart ( Figure 1E ). The numbers of Gal-3 þ cells during the chronic phase were sustained, whereas the percentage of fibrosis increased with time ( Figure 1F ). The population of Gal-3 þ cells in the heart included macrophages (CD11b þ cells) ( Figure 1G ) and cardiac fibroblasts ( Figure 1H ). To investigate the role of proinflammatory signals in the expression of Gal-3 by macrophages, we performed in vitro studies to analyze the expression of Gal-3 in activated macrophages. Bone marrowederived macrophages activated with IFN-g and Toll-like receptor 4 ligand lipopolysaccharide had an increased expression of Gal-3, as demonstrated by flow cytometry analysis ( Figure 1I ).
To better characterize the cell populations expressing Gal-3, we performed flow cytometry analysis of cells isolated from hearts of T. cruzieinfected mice (Figure 2 ). Both CD4 þ and CD8 þ T cells had increased Gal-3 expression at 3 and 15 m.p.i. when compared to uninfected controls. In addition, macrophages, characterized as CD45
þ , composed the cell populations expressing the higher mean fluorescence intensity of Gal-3 ( Figure 2 ). Gal-3 was expressed at low levels in
À ) in control hearts, and was increased by 52.5% at 3 m.p.i. Gal-3 expression intensity in fibroblasts at 15 m.p.i. returned to levels similar to those found in controls. However, a significant increase in Gal-3 expression was detected in a population of vimentin þ /CD45 þ cells, characterized as bone marrowederived fibrocytes, at 3 and 15 m.p.i., when compared to controls (Figure 2) .
Expression of Gal-3 in the Hearts of Subjects with CCC
To evaluate if the presence of Gal-3 þ cells in the myocardium of infected mice could be translatable to the human disease, we performed analysis in human heart samples obtained from explants of subjects with chronic Chagas disease cardiomyopathy who underwent heart transplantation. Heart sections were prepared and stained with hematoxylin and eosin for histological analysis, demonstrating the presence of foci of myocarditis, with an inflammatory infiltrate composed mainly of mononuclear cells, leading to the destruction of myofibers ( Figure 3, A and B) . In addition, an extensive area of diffuse fibrotic scar was found in Sirius redestained sections ( Figure 3, C and D) . The expression of Gal-3 in human heart samples was evaluated by analysis using confocal microscopy. We observed the presence of cells, within the inflammatory foci and surrounding the myofibers, expressing variable levels of Gal-3 ( Figure 3 , E and F).
Gal-3 Is a Major Regulator of Fibroblast Function
On the basis of the findings of increased Gal-3 expression in fibroblasts during the development of CCC, we performed in vitro studies aiming at investigating the role of Gal-3 on different aspects of the biology of these cells. Cardiac fibroblasts isolated from mouse hearts were incubated with mouse recombinant Gal-3 to evaluate their proliferative rate. We found that exogenous recombinant Gal-3, at a micromolar concentration, increased the proliferation of cardiac fibroblasts, whereas addition of modified citrus pectin, a binding partner of Gal-3, blocked the effect of Gal-3 ( Figure 4A ).
Considering that this effect was observed at high concentrations of exogenous Gal-3, and given the high expression of intracellular Gal-3 in cardiac fibroblasts in experimental CCC, we evaluated the role of endogenous Gal-3 in cardiac fibroblasts. We generated lentiviral vectors encoding shRNA targeting the Lgals3, together with green fluorescence protein expression as a reporter gene. Then, cardiac fibroblasts were transduced by lentiviral infection, resulting in the knockdown of Gal-3. The efficiencies of lentiviral infection and knockdown were confirmed by green fluorescence protein reporter gene expression and by quantification of Gal-3 gene and protein expressions by realtime quantitative PCR and immunofluorescence analysis, respectively (>90%) (Supplemental Figure S1 , AeE). More important, Gal-3 knockdown in cardiac fibroblasts led to a down-regulation of type I collagen expression (Supplemental Figure S1, FeH) .
Gal-3 knockdown was associated with a significant reduction in the proliferative rate of cardiac fibroblasts ( Figure 4B ). This finding was accompanied by a reduction of cyclin D1 gene expression ( Figure 4C ). Analysis of caveolin-1 gene expression did not show alterations when control or Gal-3 knockdown cells were compared (data not shown). Flow cytometry analysis showed cell cycle arrest in Gal-3 knockdown when compared to control cells (increased percentage of G 0 /G 1 and decreased S and G 2 /M phases) (Figure 4 , DeF).
To determine whether Gal-3 knockdown also affects cell survival, we evaluated the frequency of apoptosis in the culture of cardiac fibroblasts, by annexin V/PI staining and flow cytometry analysis. A higher percentage of apoptotic cells was detected in cultures of cardiac fibroblasts with Gal-3 knockdown when compared to controls ( Figure 4G ).
Treatment with the Gal-3 Blocking Agent N-Lac Reduces Inflammation and Fibrosis in Experimental CCC
To study the role of Gal-3 on the pathogenesis of CCC, we performed a pharmacological blockade of Gal-3 using N-Lac (Figure 5A ), during the chronic phase of the infection, when cardiac fibrosis is significantly increased (6 and 8 m.p.i.). We performed functional evaluations (electrocardiographic analysis and treadmill test) before treatment (6 m.p.i.) and after the treatment with N-Lac (8 m.p.i.). Trypanosoma cruzi infection caused the development of arrhythmias and cardiac conduction disturbances, such as atrioventricular block, ventricular tachycardia, and ventricular bigeminy. Treatment with N-Lac did not alter the frequencies or the severity of arrhythmias when compared to those found in saline-treated controls (Table 1) . Regarding Figure 4 Gal-3 is crucial for cardiac fibroblast proliferation and survival. Recombinant Gal-3 was added to the cardiac fibroblast culture medium and cell proliferation was measured by 3 H-thymidine incorporation assay. A: Extracellular Gal-3 induced cardiac fibroblast proliferation, which is abolished by addition of modified citrus pectin, a Gal-3 binding partner. B: Gal-3 knockdown in cardiac fibroblasts markedly reduces cell proliferation, as evaluated by 3 H-thymidine incorporation assay. C: A reduction in gene expression of cyclin D1 is found by real-time quantitative PCR analysis. Cell cycle analysis was performed by flow cytometry with carboxyfluorescein succinimidyl ester assay, demonstrating that Gal-3 knockdown in cardiac fibroblasts is associated with cell cycle arrest in G 0 / G 1 phases (D) and reduced number of cells in the S (E) and G 2 /M (F) phases. G: Gal-3 knockdown is associated with increased frequency of apoptosis, as evaluated by annexin V assay. Data are expressed as means AE SEM. *P < 0.05, **P < 0.01, and ***P < 0.001. CPM, counts per minute; PI, propidium iodide.
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Histological analysis demonstrated the presence of inflammatory infiltrate in the hearts of mice infected with T. cruzi, mainly composed of mononuclear cells. The number of inflammatory cells infiltrating the heart, however, was significantly reduced in N-Lacetreated mice, compared to saline-treated controls ( Figure 5, C and D) . In addition, the percentage of heart fibrosis was significantly reduced after N-Lac treatment when compared to saline-treated mice ( Figure 5, C and E) . In addition, a control experiment was performed in which T. cruzieinfected mice were treated in the same regimen with sucrose. Morphometric analysis in the hearts of sucrose-treated mice did not show reduction of inflammatory cells and the fibrotic area in sucrose-treated mice when compared to those treated with saline (Supplemental Figure S2) .
To investigate whether N-Lac caused modulation of inflammatory mediators, we performed gene expression analysis in the heart tissue ( Figure 6 ). N-Lacetreated mice had reduced gene expression of the inflammatory cytokines tumor necrosis factor-a and IFN-g when compared to saline-treated mice. The regulatory cytokine IL-10 was increased in T. cruzieinfected mice when compared to uninfected controls, both in saline as well as in N-Lace treated mice. Moreover, the gene expression of transcription factors T-bet, GATA-3, and FoxP3, associated with T-cell subtypes type 1 helper T cell, type 2 helper T cell, and T regulatory cell, respectively, was increased by T. cruzi infection and reduced in mice treated with N-Lac. The gene To better investigate the mechanisms by which N-Lac caused reduction of inflammation, we performed lymphoproliferation and migration assays. Mouse splenocytes were stimulated in vitro with concanavalin A or anti-CD3/CD28. Addition of N-Lac at the highest concentration tested (10 mmol/L) caused a small reduction of lymphoproliferation stimulated by both polyclonal activators ( Figure 7 , A and B). In contrast, the positive control dexamethasone inhibited the proliferation induced by both stimuli. Last, we tested the effects of N-Lac in adhesion of leukocytes to the endothelium and in cell migration. The adhesion of leukocytes to aorta endothelium in an en face assay was significantly blocked by N-Lac using cells and endothelium from wild-type mice, but not from galectin-3 knockout mice ( Figure 7C ). In fact, cell adhesion of galectin-3 knockout mice was similar to that of pharmacological blockade with N-Lac in wild-type cells ( Figure 7C ), In addition, the presence of N-Lac significantly inhibited leukocyte migration in a transwell system ( Figure 7D ).
Discussion
Gal-3 is a multifunctional lectin that can be found in various cells and tissues, and is detected in the nucleus, cytoplasm, as well as in the extracellular compartment. 11 Notably, Gal-3 may have different, concordant, or opposite actions depending on the cell type and whether it is present in the extracellular or intracellular compartments. 11 Previous studies from our group and others have shown a correlation between inflammation and fibrosis in the heart and Gal-3 expression. 16, 32, 34 Moreover, host expression of Gal-3 is required for T. cruzi adhesion and invasion in human cells. 20 In the present study, we demonstrated the expression of Gal-3 in different cell populations and its role in the promotion AVB, atrioventricular block; AVD, atrioventricular dissociation; ECG, electrocardiography; IACD, intra-atrial conduction delay; IVCD, intraventricular conduction delay; JR, junctional rhythm; N-Lac, N-acetyl-Dlactosamine; SVT, supraventricular tachycardia. Data are expressed as means AE SEM. *P < 0.05, **P < 0.01, and ***P < 0.001.
of heart inflammation and fibrosis in T. cruzieinfected mice. This was achieved by the following: i) immunostaining in chronic Chagas disease human and mouse heart samples showing the presence of Gal-3 þ cells, including macrophages, T cells, fibroblasts, and fibrocytes; ii) blockade of Gal-3 expression in cardiac fibroblasts, showing its role on proliferation and collagen production; and iii) pharmacological blockade in vivo in the experimental model, showing significant reduction of inflammation, fibrosis, and production of key inflammatory mediators in the heart.
Previous studies have highlighted a role for Gal-3 in the cardiac remodeling process in different experimental settings, including experimental models of hypertrophic cardiomyopathy and myocardial infarction.
12e14 These reports have focused on Gal-3 effects in cardiac fibroblasts, contributing to cell survival, proliferation, and extracellular matrix synthesis. In CCC, however, a massive infiltration of immune cells is observed in the heart, which leads to persistent immune-mediated myocyte damage, ultimately triggering a progressive fibrogenic response. In the present study, we demonstrated the dynamic expression of Gal-3 in different periods during T. cruzi experimental infection and correlated with the findings of human heart analysis, in sections obtained from hearts of subjects with end-stage heart failure due to CCC. Gal-3 expression was observed in a similar pattern in human and mouse heart samples, mainly in areas of inflammatory infiltrates. Gal-3 has been previously described in immune cells and to participate in different aspects of innate and adaptive immune responses. 21e26 In the experimental model, we showed expression of Gal-3 in macrophages and T cells, two main cell types present in the inflammatory foci in Chagas disease hearts. Moreover, we demonstrated that inflammatory stimuli increase the expression of Gal-3 in macrophages in vitro. Because IFN-g and tumor necrosis factor-a are produced in mouse hearts chronically infected with T. cruzi, their action may account for the increased Gal-3 expression in macrophages. The described roles for Gal-3 in T-cell biology include the promotion of cell survival, proliferation, T-cell receptor signaling, and migration. 27 In our study, we observed reduction of cell adhesion to endothelium and migration, but not of lymphocyte proliferation, by the Gal-3 inhibitor N-Lac, suggesting that the reduction of inflammation in the hearts of infected mice after N-Lac treatment is mainly because of reduction of cell migration.
In our study, we found that T. cruzi infection also increased the expression of Gal-3 in cardiac fibroblasts and, even more intensely, in a population of bone marrowe derived fibrocytes. Although cardiac fibroblasts have been classically described as the most important cell type involved in cardiac fibrosis, different studies have shown that bone marrowederived fibrocytes play relevant roles in fibrogenesis and remodeling.
28e30 Our data provided from in vitro assays in cardiac fibroblasts demonstrated the role of exogenous and endogenous Gal-3 in cell survival, proliferation, and type I collagen synthesis, which is supported by the current literature. 12e14 The fact that extracellular Gal-3 increased cell proliferation only in high concentration and the marked reduction of proliferation in Gal-3 knockdown cells indicate that intracellular Gal-3 has a critical role in cell proliferation regulation. Interestingly, Gal-3 has been Figure 7 Effects of N-Lac on splenocyte proliferation and migration in vitro. Mouse splenocytes obtained from naïve C57Bl/6 mice were stimulated with concanavalin A (Con A; A) or anti-CD3/CD28 (B) in the absence or presence of N-Lac or dexamethasone (Dexa; 10 mmol/L). Lymphoproliferation was assessed by 3 H-thymidine uptake. C: En face adhesion assay was performed using aorta fragments and splenocytes from wildtype or Gal-3 knockout mice, in the absence or presence of N-Lac. Data show the frequency of adherent cells 30 minutes after incubation. D: Mouse splenocytes were submitted to starvation and placed in the upper compartment of a transwell system in the presence or absence of 10 mmol/L N-Lac. Medium with or without fetal bovine serum (FBS) was placed in the lower chamber as a chemoattractant. Cell concentration in the lower chamber after overnight incubation. Data are expressed as means AE SEM (AeD). *P < 0.05, **P < 0.01, and ***P < 0.001. CPM, counts per minute.
previously shown to enhance cyclin D1 promoter activity, 31 correlating with the cell cycle arrest and decreased expression of cyclin D1 gene in Gal-3 knockdown fibroblasts found in our study. The fact that caveolin-1 gene expression was not increased in Gal-3 knockdown cells reinforces a direct action of Gal-3 in the regulation of cyclin D1 gene transcription.
We have previously shown that Lgals3 gene expression is up-regulated in the hearts of mice during chronic T. cruzi infection. 9, 16 The correlation between intensity of myocarditis and presence of collagen type I, Gal-3, and a-smooth muscle actinepositive cells was also seen in a mouse model of T. cruzi infection. 32 Gal-3 was implicated in the process of T. cruzi invasion. 33 Altogether, these data suggest that Gal-3 is involved in different aspects of the pathogenesis of CCC, from T. cruzi infection to immune response, inflammation, and tissue repair. Interestingly, a reduction of Gal-3 expression in the heart was observed accompanying decreased fibrosis and myocarditis after granulocyte colonystimulating factor treatment or cell therapy in chronically infected mice. 16, 34 In the present study, we showed that the Gal-3 pharmacological blockade with N-Lac significantly modulated the immune response in the hearts from CCC mice, reducing migration of immune cells to the myocardium and decreasing the expression of inflammatory type 1 helper T-cell cytokines and markers of type 2 helper T-cell and T regulatory cell lymphocyte subtypes, to the level of naïve control mice. Notably, the anti-inflammatory cytokine IL-10 was increased when compared to naïve mice. This finding, together with the observed reduced levels of IFNG and TNFA gene expression, demonstrates a potent antiinflammatory effect of N-Lac. Moreover, N-Lac treatment was associated with a significant reduction of myocardial fibrosis, which is in accordance with a previous report in a different experimental model. 14 Despite the reduction of inflammation and fibrosis, our results did not correlate with any improvement in functional parameters after N-Lac treatment. This finding does not exclude the possibility of long-term beneficial effects of Gal-3 blockade, nor that N-Lac treatment, at an earlier stage of the infection, which may prevent the deterioration of cardiac function.
The strong binding affinity between galectin-3 and N-acetyl-D-lactosamine has been previously reported. 35 Moreover, in previous studies, similar dose and administration regimen of N-acetyl-D-lactosamine were used to block galectin-3 in mouse models of viral myocarditis 36 and hypertensive cardiac remodeling. 14 The reduction of inflammation and fibrosis observed after N-Lac treatment were not observed in mice treated with sucrose in the same dose and regimen. Moreover, pharmacological (by N-Lac) and genetic (gene knockout) blockade of Gal-3 had similar effects in cell adhesion to endothelium, and indicate that N-Lac does not interfere with selectin binding.
In a translational perspective, Gal-3 could be used in the clinical setting as either a novel biomarker or a therapeutic target. Although the identification of novel noninvasive biomarkers that adequately predict cardiac fibrosis would be highly desired, in a recent report we showed that plasma Gal-3 levels do not correlate with the intensity of fibrosis, as measured by magnetic resonance imaging, in a recently published transversal study in subjects with CCC. 37 Nonetheless, these data do not exclude the possibility of Gal-3 being useful as a biomarker for prognosis determination, which is currently under investigation in chronic heart failure caused by other etiologies. 38 Thus, the conduction of a longitudinal study in Chagas disease subjects would be required to validate the use of plasma Gal-3 as prognosis biomarker.
In conclusion, herein, we demonstrated that Gal-3 plays an important role in the pathogenesis of experimental chronic Chagas disease, acting in different cell compartments and promoting cardiac inflammation and fibrosis. The finding of Gal-3 expression in human heart samples, in a similar pattern as observed in the mouse model, reinforces its potential as a novel target for drug and therapy development for CCC.
